Abstract. The species composition of coral communities has shifted in many areas worldwide through the relative loss of important ecosystem engineers such as highly branched corals, which are integral in maintaining reef biodiversity. We assessed the degree to which the performance of recently recruited branching corals was influenced by corallivory, competition, sedimentation, and the interactions between these factors. We also explored whether the species-specific influence of these biotic and abiotic constraints helps to explain recent shifts in the coral community in lagoons of Moorea, French Polynesia. Population surveys revealed evidence of a community shift away from a historically acroporid-dominated community to a pocilloporid-and poritid-dominated community, but also showed that the distribution and abundance of coral taxa varied predictably with location in the lagoon. At the microhabitat scale, branching corals grew mainly on dead or partially dead massive Porites (''bommies''), promontories with enhanced current velocities and reduced sedimentation. A demographic study revealed that growth and survival of juvenile Pocillopora verrucosa and Acropora retusa, the two most common branching species of each taxon, were affected by predation and competition with vermetid gastropods. By 24 months of age, 20-60% of juvenile corals suffered partial predation by corallivorous fishes, and injured corals experienced reduced growth and survival. A field experiment confirmed that partial predation by corallivorous fishes is an important, but habitat-modulated, constraint for branching corals. Competition with vermetid gastropods reduced growth of both branching species but unexpectedly also provided an associational defense against corallivory. Overall, the impact of abiotic constraints was habitat-specific and similar for Acropora and Pocillopora, but biotic interactions, especially corallivory, had a greater negative effect on Acropora than Pocillopora, which may explain the local shift in coral community composition.
INTRODUCTION
Coral reefs are species-rich and functionally complex communities that are impacted worldwide by both natural and human disturbances (Connell et al. 1997 , Steneck 2009 ). Community shifts are a common recent phenomenon across reefs in the Caribbean and IndoPacific, and have been related in time and space to catastrophic natural disturbances, especially storms (Done et al. 1991) , crown-of-thorns starfish (COTS) outbreaks (Bruno and Selig 2007) , bleaching events (Lenihan et al. 2008) , and disease epidemics (Aronson and Precht 2001) . Anthropogenic disturbances have also led to coral loss and community shifts. For instance, trophic cascades, caused by the fishing down of herbivores, may result in increases in macroalgae, which, in turn, can outcompete corals for space, light, and nutrients (Hughes 1994 , Mumby et al. 2007 ; but see Aronson and Precht 2006, Bruno et al. 2009 ).
Coral community shifts have followed various trajectories, including loss of live coral cover (Aronson and Precht 2006) , shifts from coral-to macroalgae-dominated reefs (Hughes 1994) , and sometimes shifts back to coral dominance (Edmunds and Carpenter 2001) . In other cases, transitions from hard scleractinian corals to soft corals occur (Bruno and Selig 2007) . Regardless of the trajectory, transitions can occur gradually, through the sequential loss of herbivore species (Hughes 1994) , or disease-related declines of dominant corals, for example (Aronson and Precht 2001) . Shifts may also occur more abruptly following natural catastrophes, such as storms and COTS outbreaks. Many shifts have been characterized by the loss of branching acroporid corals, and their replacement by pocilloporids, which have opportunistic life history traits, and/or massive poritids, which are slow-growing and generally resistant to disturbance (Bruno and Selig 2007 . However, Manuscript received 20 January 2011; revised 27 April 2011; accepted 29 April. Corresponding Editor: R. B. some recent studies indicate that acroporid corals can return decades after loss (Adjeroud et al. 2009 ).
Processes that govern coral species turnover during recovery periods are complex and vary through space and time, but generally they involve the interaction of multiple factors controlling recruitment, growth, and survival of corals colonizing disturbed reefscapes (Hughes and Connell 1999) . The resilience of most reef-building (scleractinian) corals can be heavily influenced by low-level, chronic, and cumulative stressors or constraints that determine demographic rates during recovery. Possible common constraints include abiotic factors such as sedimentation, water temperature, light, current speeds, and nutrient availability, all of which influence delivery and settlement of coral larvae, early post-settlement survival and growth, and/or the growth, survival, or reproductive output of adults (Glynn 1990 , Sheppard et al. 2009 ). Biotic constraints on coral demography, however, also can be important. Harmful interactions, including competition with other corals, invertebrates, and algae for space, nutrients, and light (Hughes 1994) , predation by corallivores (Cole et al. 2008, Rotjan and Lewis 2008) , indirect biotic disturbance from herbivores (Potts 1977) , and disease (Aronson and Precht 2001) , as well as positive interactions involving mutualisms or facilitation (Schmitt and Holbrook 2003 , Holbrook and Schmitt 2004 , Stewart et al. 2006 , can all influence the trajectory of coral recovery. Synergies from multiple environmental factors can regulate populations, frequently through heightened impacts on young individuals (Schmitt et al. 1999, Edmunds and Carpenter 2001) . For example, recruits of sessile invertebrates, such as oysters, are more prone to die than are adults when exposed to combinations of stressors (sedimentation, partial predation, low oxygen) that are at relatively low levels and short durations (Lenihan 1999) . Whether the same is true for coral recruits has not been adequately tested. Therefore, one key to predicting patterns of recovery of coral reef communities is identifying how multiple constraints influence recruitment and subsequent demographic performance of juvenile corals.
Corallivory is an important, but often underappreciated, biotic disturbance for reef-building corals (Rotjan and Lewis 2008) . Corallivorous fishes and invertebrates can kill corals outright but also cause injuries from partial predation. Partial mortality of a coral colony leads to reduced growth rates, in part because injured colonies can respond physiologically by wound healing at the energetic expense of colony growth (Henry and Hart 2005) . As human fishing pressure increases on coral reefs, the abundance of large piscivores may be reduced while the abundance of corallivores, including butterflyfishes, triggerfishes, some parrotfishes, and puffers, may increase. Thus, fishing may lead to an increase in the intensity of corallivory in the future (Dulvy et al. 2004) . Corallivory reduces coral growth and survival (Rotjan and Lewis 2008) and it may impede recovery of corals after catastrophic disturbances (Knowlton et al. 1990 ). Acroporids may be especially susceptible to enhanced corallivory, as they are often the favored prey of corallivorous fishes (Cole et al. 2008) . Here, we address several key questions about the ecological effects of corallivory. Does corallivory have important population-level effects relative to other chronic biotic and abiotic constraints? Does the impact of corallivory vary spatially with local environmental conditions? How do different coral taxa respond to multiple constraints, including partial predation, in terms of individual colony performance? Answering these questions will help to elucidate mechanisms that drive reef recovery and community shifts.
The physical structure of biogenic habitat can have profound effects on the demographic performance of recruits by modulating local environmental conditions, as well as the severity of chronic abiotic and biotic disturbances (Lenihan 1999 , Mass et al. 2010 . For example, the shape and size of coral reef habitat can modify local hydrodynamics by accelerating current speeds around individual colonies, which, in turn, can increase mass transfer rates. Increased mass transfer rates can reduce bleaching prevalence and intensity and can enhance recovery from bleaching during periods of elevated water temperature (Lenihan et al. 2008) . Biogenic reef structure is a refuge for corals from heavy sedimentation, predation (Schmitt et al. 2009 ), and hydrodynamic stress, including wave action (Madin and Connolly 2006) . Lenihan and Edmunds (2010) found that the growth rate of corals injured by corallivores varies significantly as a function of flow speed and temperature, two factors that are heavily influenced by habitat structure and location. Consequently, the physical habitat structure may have important effects on coral recovery by modulating the intensity of abiotic and biotic constraints.
Here we report results of a field survey, a demographic study, and a field experiment designed to test how the physical structure and location of habitat patches in a lagoon ecosystem mediate exposure to a suite of abiotic and biotic factors, and, in turn, how these factors influence the demographic performance of coral recruits. We focus our attention on branching corals, specifically pocilloporid and acroporid taxa, and test whether variation in demographic responses to multiple environmental drivers at the juvenile life stage can be used to elucidate mechanisms that underlie coral community shifts.
METHODS

Study site
We conducted our study from 2003 to 2007 in the lagoons (;600-1050 m wide) on the north shore of Moorea (17830 0 S, 149850 0 W; Appendix A: Fig. A1 ), French Polynesia. Over the past several decades, the island's reefs have been subjected to a series of natural disturbances, including outbreaks of crown-of-thorns sea stars Acanthaster planci (1988-1991, 2007-2010), cyclones (1991, 2010) , and a number of coral-bleaching events (1984, 1987, 1991, 1994, 2002, 2003) (Gleason 1993 , Lenihan et al. 2008 , Adjeroud et al. 2009 ). The lagoon bottom is a patchy mosaic of substrates (coral rubble, sand, and basalt bottom) interspersed with coral colonies ranging in diameter from a few millimeters to 4 m. Detailed descriptions of the physical structure, geomorphology, hydrology, and hydrodynamics of the ''biozones'' (Appendix A: Fig. A2 ) within Moorea's lagoons can be found in Appendix A, as well as in Lenihan et al. (2008) . Large colonies (up to 2 m tall and 4 m in diameter) of dead or partially dead massive corals (''bommies'') provide substrate used by other species of corals, as well as invertebrates, algae, and fishes (Munday et al. 1997) for recruitment (Norstro¨m et al. 2007) and refuge from predators (Schmitt et al. 2009 ). Details of attributes of bommies are provided in Appendix A.
Like coral communities on other islands in French Polynesia, those in Moorea have reportedly shifted from being very abundant in Acropora to those dominated by Pocillopora and massive Porites with relatively few Acropora. This shift has been documented in the lagoon and fore-reef environments (Done et al. 1991 , Berumen and Pratchett 2006 , Adjeroud et al. 2009 ). Whether coral community shifts are due to differences in the performance of juveniles of different taxa, specifically Acropora, Pocillopora, and Porites, has not been adequately tested (but see Penin et al. 2010 ).
Population surveys
We conducted SCUBA surveys to assess whether the number, relative sizes, and condition (percentage live vs. dead) of different coral taxa varied between the two major substrate types (bommie and seafloor) and among the three biozones within the lagoon (back reef, midlagoon, and fringing reef ). The remainder of the study was designed to identify mechanisms that contribute to the patterns of adult and juvenile abundance that we observed. A key question that we address with these surveys is whether the differences observed in the abundances of adult Acropora and Pocillopora are also observed in juvenile colonies. found that recruitment rates of these taxa did not vary consistently around Moorea, but when they did, the recruitment of Acropora spp. was equal to or greater than that of Pocillopora spp. We operationally defined an ''adult'' as a colony 5 cm diameter, and a branching coral as any upright, articulated, or corymbose coral that was not encrusting or mounding. One 50 3 2 m transect was placed randomly in each of four back reef (50-75 m from the reef crest), mid-lagoon (250-275 m from the reef crest), and fringing reef (65-75 m from shore) biozones (12 transects total) distributed along the north shore of Moorea (Appendix A: Fig. A1 ). Biozones were selected in four sectors of the lagoon with similar widths (780-890 m), physiographic, and bathymetric features, and none were selected in bays. Transects were parallel to the reef crest at the same water depth (1.75-3.5 m).
Size of adult coral was visually estimated based on a categorical scale of 1 to 3 (1 ¼ 5-49 cm diameter; 2 ¼ 50-99 cm; 3 ¼ 1-3 m). The percentage of each colony that was alive and the substrate on which it was situated were also recorded. Bommies consisted of dead or partially dead massive Porites spp. that ranged in size from 0.25 to 4 m in diameter and from 0.1 to 2.0 m in height. The colonies that formed bommies were included in the survey only if they supported live Porites tissue. Finally, the total area occupied by bommies, pavement seafloor, sand, and coral rubble was estimated by recording the substrate type located beneath 100 randomly selected points along each transect.
Surveys of juvenile corals (10-50 mm diameter) were conducted in the Austral summer of 2004 in three of the four back reef, mid-lagoon, and fringing reef biozones sampled for adult corals (nine locations total; Appendix A: Fig. A1 ). We focused our efforts on the abundance, distribution, and substrate affinity of juvenile Pocillopora spp. and Acropora spp. because (1) they were the most abundant genera in our preliminary surveys, (2) work by others (e.g., Berumen and Pratchett 2006) indicated that the system previously had a much higher percentage of Acropora, and that Pocillopora and Porites are now very abundant, (3) Acropora and Pocillopora are fast-growing branching corals, eventually reaching sizes that provide important habitat for fishes and invertebrates, and (4) juvenile branching corals appeared in the survey to be the most heavily affected by biotic disturbances, especially corallivory and competition with other reef invertebrates. At each replicate biozone (''location''), all juveniles visible to divers were counted, identified to lowest taxonomic level possible (at least genus), and measured (diameter), along four replicate 50 3 1 m transects randomly placed within the same areas where adult surveys were conducted. Juvenile coral transects were conducted parallel to the reef crest at a constant depth. Only corals 10-50 mm in diameter were recorded, as smaller corals were generally inconspicuous to divers. Our survey method underestimated the true density of juveniles to an unknown, but probably minor, degree because divers were unable to find all colonies inhabiting deep cracks and overhangs. However, we sampled all surfaces independent of their orientation, and overhangs, undersides, and heterogeneous surfaces were closely examined using artificial light.
Demographic study of juvenile Acropora and Pocillopora
We conducted a demographic study between July 2005 and July 2007 to test whether the performance of juvenile Acropora retusa and Pocillopora verrucosa, the most abundant species in their respective genera, varied with substrate type and biozone. In July 2005, 20 corals (20-25 mm diameter) of each species were randomly selected on two substrates (seafloor and the top of medium-sized Porites bommies 0.85-1.0 m tall) at three back reef, mid-lagoon, and fringing reef biozones (N ¼ 20 corals of each species at each substrate type per biozone) located within the biozones where juveniles were surveyed. Disturbances that we predicted a priori to be of importance (based on our population survey) were burial from sedimentation, corallivory, and competition with vermetid gastropods. None of the corals in this part of the study were initially located near vermetid gastropods or within 20 cm of another coral. We also measured other probable influences on coral performance, specifically, water temperature, light, and current speed. The corals in this demographic study were marked with numbered aluminum tags attached to the nearby substrate using a marine epoxy, Z-Spar Splash Zone Compound (Kop-Coat, Los Angeles, California, USA). The diameter of each colony was measured initially and after 5, 12, and 24 months to estimate growth rates. Tagged corals were relocated using an underwater metal detector and were scored as live or dead, bitten or unbitten, located near vermetid gastropods (i.e., situated beneath the gastropod's mucous feeding net), or buried beneath sand or coral rubble. We assessed whether a coral was bitten by determining the presence and characteristics of wounds that penetrated the outer soft tissue of a colony and damaged the corallites. Corallivores, especially triggerfish (Balistidae), filefishes (Monacanthidae), and puffers (Tetraodontidae), leave distinctively shaped, raspinglike marks that differ from other injuries (Rotjan and Lewis 2008) .
Field experiment to test effects of environmental factors on coral growth
A field experiment assessed the separate and joint effects of substrate type (bommie and seafloor), biozone (back reef and mid-lagoon), corallivory, and a suite of abiotic constraints (current speed, light, temperature, and sedimentation) on growth of juvenile P. verrucosa and A. retusa. We selected these treatments because they appeared to be the most important factors affecting these taxa in the original demographic survey. On 1 December 2006, similar-sized colonies of each species (30-35 mm in diameter) were collected from the back reef near the location of the coral surveys (Appendix A: Fig. A1 ). Corals were transported in seawater-filled coolers to water tables in the laboratory. After 24 h, 48 corals of each species were randomly selected and buoyant weighed (Davies 1989) . The P. verrucosa colonies initially ranged from 21.10 to 26.09 g and the A. retusa colonies ranged from 20.01 to 26.98 g. After an additional 24 h, corals were out-planted by divers in the back reef and mid-lagoon biozones at Cook's Crest (''Sheraton''), near the location of the reef surveys.
The effects of substrate, biozone, and predation were compared by placing the pre-weighed juvenile corals in two types of predator exclusion cage treatments, full cages (À predators) and cage controls (þ predators), attached to the seafloor and to bommies (1.0 m tall) in the back reef and mid-lagoon. Abiotic conditions at each caging site were measured as well so that their influence on the growth of corals could be assessed. One juvenile coral of each species was placed in a full cage or cage control, and each pair was attached to a bommie or patch of the seafloor located in either the back reef or mid-lagoon habitat (N ¼ 6 replicates per coral species per seafloor and bommie treatment per biozone; N ¼ 96 total corals). Corals were collected after 30 days and remeasured in the laboratory for buoyant weight. Growth of the corals was measured as change in buoyant weight, converted to dry mass using the density of aragonite (2.93 mg/cm 3 ) and normalized to surface area (mgÁcm À2 Ád À1 ) using the wax-dipping technique. Descriptions of all environmental attributes measured during the experiment and details of the cages are provided in Appendix B.
Statistical analyses
Analysis of variance tested for differences among groups in the population survey for adults and juveniles and the demographic study, and for differences among treatments in the field experiment. Specific details of treatment groups and the results of ANOVAs are provided in Appendix C. Before ANOVA, data were tested for homogeneity of variance using Cochran's test and were transformed if variances were heterogeneous. After ANOVA, post hoc tests (Student-Newman-Keuls, SNK) determined differences among treatments. For further details see Appendix C. Multiple regressions evaluated the influence of predation, current speed, sedimentation, light, and temperature on the growth of corals in the field experiment.
RESULTS
Surveys of coral population abundance
Four taxa comprised the vast majority (82%) of the colonies recorded in the population surveys: Pocillopora spp., Acropora spp., massive Porites spp. (a combination of P. lutea and P. lobata), and Porites rus. Remaining corals were Montipora spp. (11.9%), Fungia spp. (2%), Montastrea spp. (1.6%), Psammocora spp. (0.8%), Millepora sp. (0.5%), and 22 other uncommon taxa. Within the two major groups of branching corals, Pocillopora verrucosa (42% of all Pocillopora adult colonies) and A. retusa (33% of all Acropora adult colonies) were the most abundant species in their genera.
The abundance of juvenile (10-50 mm diameter) branching coral varied as function of the combined effects of biozone (back reef vs. mid-lagoon vs. fringing reef ) and taxon (Pocillopora vs. Acropora), as indicated by the significant interaction in the two-way ANOVA ( Fig. 1A ; biozone 3 taxon interaction; F 2,18 ¼ 11.10, P ¼ 0.002; Appendix C: Table C2A ). Abundances of both genera were higher in the back reef than the mid-lagoon (SNK, P , 0.05), and higher in the mid-lagoon than the fringing reef (SNK, P , 0.05). Although the qualitative patterns were similar for the two genera of branching corals, there were significantly fewer Acropora than Pocillopora juve-niles in the mid-lagoon (SNK, P , 0.05), which accounted for the significant interaction in the ANOVA.
With respect to adult-stage branching corals, abundance varied with biozone and with taxon, but not with their interaction. For both genera, there were more adult colonies in the back reef than elsewhere ( Fig. 1B ; twoway ANOVA; biozone; F 2,18 ¼ 7.07, P , 0.005; Appendix C: Table C2B ; SNK, P , 0.05), but there were no differences in abundance between the midlagoon and fringing reef biozones (SNK, P . 0.05). There were, however, significantly more adult Pocillopora than adult Acropora at all sites (two-way ANOVA; taxon; F 1,18 ¼ 52.80, P , 0.0001; Appendix C: Table  C2B ; SNK, P , 0.05).
Variation in attachment substrate for branching coral
Unlike the branching corals, the abundance of the two most common mounding corals, Porites spp. and P. rus, FIG. 1. Densities (mean and 95% CI) of (A) juvenile and (B) adult branching corals, (C) adult mounding (i.e., massive, bommie-forming Porites spp.) corals, and (D) percentage of area occupied by different substrate types in the three major biozones in the Moorea, French Polynesia, study area: back reef, mid-lagoon, and fringing reef.
did not differ statistically among the three lagoon biozones, as a function of taxon, or with the interaction of biozones and taxon (two-way ANOVA; P ¼ 0.09-0.80; Appendix C: Table C2C ). However, there was a nonsignificant trend toward an increasing abundance of P. rus with increasing distance into the lagoon from the reef crest (Fig. 1C) . The percentage of total reef area occupied by different substrate types (bommies, pavement seafloor, coral rubble, and sand) also varied among the lagoon biozones (Fig. 1D) . The area covered by bommies increased from the back reef to the fringing reef (SNK, P , 0.05), while the area covered by pavement decreased (SNK, P , 0.05), which explains the significant interaction between these two variables (two-way ANOVA; biozone 3 substrate interaction; F 6,36 ¼ 64.00, P , 0.0001; Appendix C: Table C2D ). Nevertheless, most of the mid-lagoon areas have large expanses of sandy seafloor (Appendix B); more of the seafloor was covered by coral rubble in the back reef than in the mid-lagoon or fringing reef ( Fig. 1D ; SNK, P , 0.05), and cover of sand was higher in the midlagoon than elsewhere (SNK, P , 0.05).
Variation in population structure of branching corals All P. verrucosa and A. retusa colonies inhabited Porites bommies in the fringing reef, which was the only hard attachment space available as the seafloor otherwise was covered by a relatively deep (.15 cm) layer of sand. Consequently, we excluded the fringing reef from our test of whether, for each coral species, the percentage of colonies in different size classes (small juveniles, large juveniles, and adults) varied with biozone and substrate type. For P. verrucosa, there was a difference in the distribution of both large juveniles and adults, but not small juveniles, across substrate types (bommie vs. seafloor) and biozones (back reef and mid-lagoon) (three-way ANOVA; biozone 3 substrate 3 size class interaction; F 2,24 ¼ 32.65, P , 0.0001; Appendix C: Table C2E ). A relatively complex set of differences generated the significant three-way interaction in the ANOVA, which we explain by focusing on each size class of coral. For small juvenile P. verrucosa (10-29 mm diameter), there was no difference in the percentage of colonies on the seafloor (back reef, 50% 6 2%; mid-lagoon, 49% 6 2%; see Appendix D; all values are mean with 95% CI) and bommies (back reef, 50% 6 2%; mid-lagoon, 51% 6 2%) among the two biozones (SNK; P . 0.05). In contrast, in the mid-lagoon there were greater percentages of large juveniles (30-50 mm; 58% 6 2%) and especially adults (90% 6 16%) on bommies than the seafloor (42% 6 3% and 10% 6 18%, respectively; SNKs, P , 0.05). However, there was no difference in the abundance of adults between bommies (45% 6 23%) and seafloor (55% 6 23%) in the back reef (SNK, P . 0.05). Sizespecific patterns for A. retusa were qualitatively similar to those for P. verrucosa (three-way ANOVA; biozone 3 substrate 3 size class interaction; F 2,24 ¼ 54.92, P , 0.0001; Appendix C: Table C2F ; SNKs, P , 0.05). The one exception was the occurrence of more adult A. retusa colonies on the seafloor (73% 6 12%) than on bommies (27% 6 12%) in the back reef (SNK, P , 0.05).
We found that the average size (circumference; mean and 95% CI) of massive Porites spp. and P. rus colonies was significantly larger than that of other corals across all biozones (three-way ANOVA; taxon; F 3,36 ¼ 14.16, P , 0.0001; Appendix C: Table C2G ; SNKs, P , 0.05). Of more interest was the contrasting, but statistically insignificant, trend (two-way ANOVA; biozone 3 taxon; F 6,36 ¼ 2.10, P , 0.07) in colony size between mounding and branching corals. The size of mounding corals (Porites spp., P. rus, and Montipora spp.) tended to increase from the back reef to fringing reef, but the opposite pattern was noted for all species of Pocillopora and Acropora (SNKs; P , 0.05).
With respect to the percentage of living tissue on an individual colony, Pocillopora spp. had, on average, the most living coral tissue (.90%) per colony in all biozones (two-way ANOVA; taxon; F 3,36 ¼ 4.24, P , 0.011; Appendix C: Table C2H ; SNK, P , 0.05). Porites rus had a slightly lower percentage (75-100%) of live tissue (SNK, P , 0.05). There was a trend for an increasing percentage of dead tissue in P. rus in the back reef, where colonization of this species by vermetid gastropods was highest (Shima et al. 2010 ). The amount of live tissue per Acropora colony (25-75%) did not differ from that of Porites spp. (SNK, P . 0.05), but both had lower percentages of live tissue than either Pocillopora or P. rus (SNKs, P , 0.05).
Variation in the performance of juvenile branching corals
At the fringing reef, all corals tagged in the demographic study died within the first five months. In the back reef and mid-lagoon, 20-50% of the corals survived over the 24-month period of observation ( Fig.  2A) . Survivorship at 24 months was compared in a three-way ANOVA as a function of biozone (back reef vs. mid-lagoon), substrate (bommie vs. seafloor), and taxon (Pocillopora verrucosa vs. Acropora retusa). Survivorship varied only between taxa: specifically, survival of P. verrucosa was greater than that of A. retusa ( Fig. 2A ; three-way ANOVA; taxon; F 1,16 ¼ 28.40, P , 0.0001; Appendix C: Table C2I ; SNKs, P , 0.05). There was, however, a statistically insignificant trend for greater survival on bommies than on the seafloor for both species (Fig. 2A) .
The agent of coral mortality appeared to differ among habitat patches, that is, among biozones in the lagoon and between the seafloor and tops of bommies (Table 1) . Over 60% of dead corals in the fringing reef had characteristic bite marks from corallivorous fishes, indicating that corallivory is an important biotic disturbance. All bitten corals were overgrown by algae, although we could not determine whether they were overgrown before or after death. By contrast, burial by sediments appeared to be the most important agent of mortality for corals on the seafloor, but not on bommies. On the seafloor, mid-lagoon corals were buried beneath sand and back reef corals beneath coral rubble. We observed tagged corals die within a few days of being buried by rubble in the back reef during highswell events, which also removed (eroded) sand from large patches of pavement in the mid-lagoon. Burial beneath sand on the seafloor in the mid-lagoon took place over several weeks to a month following high-swell events when net deposition of sediments was positive ( Table 1) . The difference in the intensity of sediment accumulation between the seafloor and bommies was probably related, at least in part, to differences in mean current speed measured on bommies and the adjacent seafloor ( Table 1) .
Growth of tagged corals that survived to 24 months and were not located adjacent to vermetid gastropods or injured by corallivorous fishes, was also compared as a function of biozone, substrate, and taxon in a three-way ANOVA. For both P. verrucosa and A. retusa, growth was greater on bommies than on the seafloor ( Fig. 2B ; three-way ANOVA; substrate; F 1,16 ¼ 22.17, P , 0.0002; Appendix C: Table C2J ; SNK, P , 0.05). In addition, at both the back reef and mid-lagoon, growth of P. verrucosa was greater than that of A. retusa (three-way ANOVA; taxon; F 1,16 ¼ 108.18, P , 0.0001; Appendix C: Table C2J ; SNK, P , 0.05;).
Effect of partial predation on performance of juvenile P. verrucosa and A. retusa
All corals survived the 30-day predator exclusion experiment. Throughout the experiment we observed butterflyfish attacking the corals in each replicate of the predator-exposed treatment at least one time, but did not directly observe bio-eroding corallivores (e.g., triggerfish and puffers) attacking corals. Nevertheless, 45 of the 48 corals exposed to corallivores showed characteristic bites of bio-eroding fishes, which remove tissue as well as some of the underlying skeleton. Of the 45 corals bitten, 43 had one bite mark and two bitten corals had two bite marks. The three corals without obvious scars from bio-eroding corallivores included one Acropora and two Pocillopora. Although evidence of partial predation that damages underlying skeletal material can last several months (Henry and Hart 2005), we could not assess partial predation from butterflyfish, as they typically eat only the coral's soft tissue and rarely leave a wound that is noticeable even 72 h later.
We compared growth rates of juvenile coral colonies in the experiment as a function of biozone (back reef vs. mid-lagoon), substrate (bommie vs. seafloor), corallivore access (cage vs. cage control), and taxon (P. verrucosa and A. retusa) in a four-way ANOVA. The analysis produced a set of significant two-way interactions that in general implied, much like the demographic study, that predation is an important factor influencing the performance of branching corals. First, daily growth of juvenile corals varied with cage treatments and taxon ( Fig. 3 ; four-way ANOVA; cage vs. cage control 3 taxon; F 1,80 ¼ 6.24, P ¼ 0.014; Appendix C: Table C2K ) because for both species, corals grew more without predators than when exposed to them (SNK, P , 0.05). However, when protected from predators, A. retusa grew faster than P. verrucosa (SNK, P , 0.05). In contrast, in cage controls, where almost all corals were injured by fishes, there was no significant difference in growth rates between the two taxa (SNK, P . 0.05). Second, growth varied with substrate and cage treatment (four-way ANOVA; substrate 3 cage vs. cage control; F 1,80 ¼ 29.44, P , 0.0001; Appendix C: Table  C2K ) because on bommies corals protected from predators outgrew corals that were exposed to and injured by predators (SNK, P , 0.05). Yet, in contrast, there was no effect of predators on the seafloor (SNK, P . 0.05). Third, growth varied with biozone and taxon (four-way ANOVA; location 3 taxon; F 1,80 ¼ 10.11, P ¼ 0.002; Appendix C: Table C2K ) because in the back reef A. retusa outgrew P. verrucosa (SNK, P , 0.05), but in the mid-lagoon there was no difference between the two species (SNK, P . 0.05). This result implies, based on results of the significant interaction of cage treatment and taxon just described, that predation was relatively less important on growth in the back reef than it was in the mid-lagoon. Fourth, growth varied with biozone and cage treatment (four-way ANOVA; biozone 3 cage vs. cage control; F 1,80 ¼ 29.44, P , 0.0001; Appendix C: Table C2K ). Protection from predators had a generally large positive influence on growth except for P. verrucosa located on the seafloor in the mid-lagoon. In that treatment, corals that were bitten grew faster than those protected in cages, an interesting result that we will return to in the Discussion. This pattern might have generated a more complex (e.g., four-way) interaction, had variation within treatments been smaller (i.e., had the power of our test been greater).
The amount of residual error in the experiment was relatively high (partial r 2 ¼ 0.25), suggesting that other abiotic and biotic factors also may have influenced the growth responses. Results of a multiple regression, with growth as a dependent variable and exposure to predation (cage vs. cage control), current speed (cm/s), sedimentation (g total sedimentÁcm À2 Ád), temperature, and light (lmolÁs À1 Ám À2 ), and their interactions as independent variables, suggested that only predation and current speed accounted for a significant amount of the variation in the growth rate of P. verrucosa (predation, P , 0.0003, r 2 ¼ 0.47; current speed, P , 0.001, r 2 ¼ 0.43) and A. retusa (predation, P , 0.0001; r 2 ¼ 0.60; current speed, P , 0.001, r 2 ¼ 0.48). Results of the demographic study supported the results of the field experiment, showing that the negative effect of partial predation on growth of juvenile coral varied with lagoon biozone, substrate (bommie tops vs. seafloor), and coral taxon. At 24 months, ;20-60% of the tagged P. verrucosa and A. retusa corals displayed evidence of bite marks from bio-eroding (excavating) corallivores (Table 1 ). The greatest incidence of partial predation was for A. retusa colonies located on bommies in the mid-lagoon (Table 1 ; three-way ANOVA; biozone 3 substrate 3 taxon; F 1,16 ¼ 5.99, P ¼ 0.026; Appendix C: Table C2L ; SNK, P , 0.05). More corals of both species tended to be bitten on the seafloor than on bommie tops in the back reef, whereas more corals tended to be bitten on the bommie tops than on the seafloor in the midlagoon (Table 1) .
Colonies with bite marks had lower survival rates than those without bite marks (Table 1) , but the effect of predation on survival (i.e., difference in survival between Difference in survival when bitten (%) P. verrucosa À30.0 6 1.5 À1.2 6 1.4 À24.0 6 6.3 À10.0 6 6.0 A. retusa À30.0 6 0.7 À5.5 6 0.1 À24.3 6 8.6 À5.0 6 0.1 Difference in growth when bitten (%) P. verrucosa À103.6 6 14.0 À42.2 6 4.8 À59.8 6 34.5 À59.3 6 8.6 A. retusa À99.0 6 20.8 À37.8 6 14.9 À119.6 6 33.9 À135.0 6 35.4
Tagged juvenile colonies beneath vermetid nets (%) P. verrucosa 20.0 6 5.7 0 18.3 6 11.8 0 A. retusa 18.3 6 8.6 0 21.7 6 5.6 0 Difference in survival beneath vermetid nets (%) P. verrucosa 48.3 6 8.6 NA 46.7 6 13.1 NA A. retusa 43.3 6 9.5 NA 63.3 6 3.3 NA Difference in growth beneath vermetid nets (%) P. verrucosa À132.5 6 45.1 NA À127.5 6 49.0 NA A. retusa À89.4 6 25.9 NA À132.7 6 45.6 NA Notes: The demographic study of the branching corals Pocillopora verrucosa and Acropora retusa at 24 months recorded percentages that were found dead and buried beneath sediment or coral rubble on the seafloor, that were apparently bitten by corallivores (with percentage difference in the survival and growth rates of bitten vs. unbitten corals), and that were found beneath vermetid gastropod mucous feeding nets (with percentage difference in the survival and growth rates of corals beneath nets vs. corals not beneath nets).
bitten and unbitten corals) varied with biozone and taxon (three-way ANOVA; biozone 3 taxon; F 1,16 ¼ 6.81, P ¼ 0.008; Appendix C: Table C2M ). For P. verrucosa, there was a greater negative effect of predation in the mid-lagoon than the back reef (SNK, P , 0.05), but no such difference with biozone existed for A. retusa (SNK, P . 0.05). In addition, the effect on survival of being bitten also varied with biozone and substrate (three-way ANOVA; biozone 3 substrate; F 1,16 ¼ 9.29, P ¼ 0.0004; Appendix C: Table C2M ), only because there was a slightly (but significantly) greater negative influence of predation on bommies than on the seafloor in the back reef compared with the mid-lagoon (see Table 1 ; SNKs, P , 0.05). Bitten colonies of both species grew at slower rates than unbitten corals across all treatments, but the negative effect on growth was greater overall in the mid-lagoon than the back reef (three-way ANOVA; biozone; F 1,16 ¼ 5.62, P ¼ 0.03; Appendix C: Table C2N ; SNK, P , 0.05); and was more negative for A. retusa than P. verrucosa (three-way ANOVA; taxon; F 1,16 ¼ 64.72, P , 0.0001; Appendix C: Table C2N ; SNK, P , 0.05).
Effect of competition with vermetid gastropods on juvenile P. verrucosa and A. retusa By 24 months, ;15-20% of the corals in our demographic study that were located on bommies in the back reef and mid-lagoon were found to have sessile vermetid gastropods (Dendropoma spp.) growing adjacent (40-170 mm) to them (Table 1) . Vermetids, which FIG. 3 . Daily growth rate (mean and 95% CI) in buoyant weight of juvenile (A) Pocillopora verrucosa and (B) Acropora retusa corals placed in full cages (Àpredator) and in cage controls (þpredator) situated on bommies and the seafloor at the back reef and mid-lagoon. Data are scaled to the total surface area of each individual colony. feed using mucous nets, are rarely found on the seafloor (none near seafloor corals in our study), nor did we observe vermetids in the fringing reef. Corals near vermetids frequently were situated beneath the extensive mucous net extruded by the snails for capturing food particulates. Surprisingly, coral survival rates for both species in both lagoon biozones (back reef and midlagoon) were higher under mucous feeding nets than those on bommies not under nets [i.e., all values of (survival under vermetid nets) À (survival without vermetids) were greater than zero; Table 1 ]. Across both biozones, there was a slightly greater enhancement of survival under nets for A. retusa (þ56% 6 17%; all values mean and 95% CI) than for P. verrucosa (þ32% 6 21%) (two-way ANOVA; taxon; F 1,8 ¼ 4.92, P , 0.058; Appendix C: Table C2O ; SNK, P , 0.05). In contrast with enhanced survival, growth rates of A. retusa were reduced under vermetid nets by twofold, and were reduced by threefold for P. verrucosa compared with corals on bommies that were not associated with the gastropod (Table 1) . Growth was suppressed to a greater degree for P. verrucosa than for A. retusa regardless of biozone (Table 1; taxon; F 1,8 ¼ 12.24, P , 0.0009; Appendix C: Table C2P ; SNK, P , 0.05).
DISCUSSION
Effects of abiotic constraints
Performance of juvenile branching corals in a lagoon ecosystem was influenced by the presence and location of massive Porites corals, which provided branching corals with colonization substrate and a refuge from abiotic disturbances, and influenced the nature and severity of biotic disturbances, specifically predation and competition. This form of facilitation enhances local biodiversity because adult branching corals provide structurally complex habitat used by many species of coral reef fishes and invertebrates (sensu Holbrook et al. 2008a) . However, the relative importance of facilitation by massive corals varied with location (i.e., biozone) within the lagoon. In many areas of the lagoon, bommies were the only viable attachment substrate for branching corals because the seafloor was covered in soft sediment. Furthermore, coral recruits also survived better on bommies than on hard seafloor in back reef and mid-lagoon regions.
Branching corals settle in Moorea mainly in the Austral summer , a time when the north shore of the island is subjected to high-energy waves that clear soft sediments from large patches of the seafloor and thus enable settlement on the pavement as well as bommies. Yet, relatively few recruits on the pavement survive to adulthood because they are buried in the back reef by coral rubble during storms, or by chronic deposition of soft sediments in the mid-lagoon during lower flow months of the Austral winter. Survival of juvenile branching Pocillopora and Acropora was similar in all biozone-substrate combinations except for mid-lagoon bommies, where survival of Pocillopora was greater than that of Acropora. An effect of substrate type was also observed on patterns of growth, because juvenile branching corals grew at greater rates on bommies than on the seafloor. The higher growth rates on bommies were probably due, at least in part, to enhanced current speed (Table 1 : see also Lenihan et al. 2008) , which can increase coral growth through greater rates of mass transfer . Pocillopora outgrew Acropora consistently across all substrates in the demographic study (Fig. 2B) . The population-level effect of faster growth probably manifests as a greater per capita reproductive output, as well as greater survivorship for colonies that are competing with algae, invertebrates, and other corals for light, space, suspended food material, and mutualist fish species that enhance nutrient supplies (Holbrook et al. 2008b) .
Studies in estuaries, marine rocky intertidal and subtidal environments (e.g., Lenihan 1999) , forest ecosystems (Belsky et al. 1989) , and agricultural landscapes (Rypstra et al. 1999) have shown that demographic performance is influenced jointly by the physical structure and location of habitat within a landscape, especially in relation to localized levels of abiotic and biotic disturbance. Our results indicate that coral reefs are no exception. In our system, coral bommies function as a structural refuge that generally protects juvenile branching corals from physical disturbance caused by movement of coral rubble and periodic high deposition of sand and other sediment. Our results agree with those of Madin and Connolly (2006) , who found that in back reef environments, corals on the seafloor located in the lee of bommies gain a measure of protection from dislodgement or breakage during highwave events. Taken together, these findings reveal how overall habitat complexity and biodiversity within the lagoons of Moorea can vary positively with the density of coral bommies.
Effects of biotic constraints
Habitat structure and location do not preclude the influence of biotic interactions in shaping patterns in the community. Of general importance in this context is how habitat structure modifies the effects of biotic interactions (e.g., Schmitt et al. 2009 ). We found that two biotic interactions, (partial) predation and interspecific competition, influenced the performance of juvenile corals across the ''reefscape,'' the effects of which were modulated greatly by physical habitat structure. Corallivorous fishes attacked juvenile branching corals at relatively high rates in both our demographic and experimental studies, thus supporting previous research indicating that partial predation is an important, chronic biotic constraint for branching corals (Rotjan and Lewis 2008 , Cole et al. 2008 , Penin et al. 2010 . Unlike previous studies, we found that both the intensity and demographic effects of this biotic constraint varied among habitat type and location. We found evidence of predation in 21-62% of tagged corals, a percentage that does not include coral that may have been attacked by tissue grazers such as butterflyfishes, which can also reduce coral performance (Rotjan and Lewis 2008) . Consequently, corallivory may be a key biotic constraint limiting juvenile coral performance.
Differences in the performance of Acropora and Pocillopora
Our focal question was whether community shifts through time, particularly shifts accentuated by relative declines in branching Acropora and increases in Pocillopora (e.g., Done et al. 1991) , can be explained, at least in part, by differences in the performance of juvenile corals. Results of our demographic study and field experiment imply that variation in the effects of corallivory, as they change across habitat structure and location, provides a potential mechanism to explain why two of the most common branching acroporid and pocilloporid species are changing in their relative abundance in Moorea. A much higher percentage of A. retusa were bitten on bommies than were P. verrucosa in the mid-lagoon ( Table 1 ). Considering that the midlagoon represents the single largest habitat type (Appendix A), it is reasonable to project that more Acropora are targeted by corallivores than Pocillopora across the entire lagoon. This projection is supported by prior work indicating that many corallivorous fish prefer Acropora over other coral taxa (Cole et al. 2008) . We found little difference between the two coral taxa in terms of differences in colony survival after being bitten. Instead, corallivory had a greater negative effect on growth for A. retusa than P. verrucosa. This result was observed in the demographic study and field experiment, and the latter indicated that, in contrast to A. retusa, growth of P. verrucosa responds positively to partial predation on the seafloor in the mid-lagoon, a habitat type characterized by relatively low-flow conditions. A similar result for P. verrucosa was found in a companion laboratory study . Growth rates of injured P. verrucosa increased in relatively lowflow speeds because injuries appeared to stimulate growth at the expense of wound healing. We also found that, when protected from predation (in predator exclusion cages), A. retusa outgrew P. verrucosa (Fig.  3) , a pattern that we did not observe for unprotected corals in the demographic study. A reasonable explanation for the differences in performance between P. verrucosa and A. retusa ( Fig. 2A, B) is that partial predation is having a greater negative impact on Acropora than on Pocillopora, in part because Pocillopora appears to be relatively well adapted to partial predation . We hypothesize that the variation that we observed in the incidence of corallivory with biozone and substrate is related to the ability of corallivores to feed in different hydrodynamic regimes. In general, fish probably elect to feed on juvenile corals where they are most abundant (e.g., on the seafloor in the back reef and bommies in the midlagoon), but not where hydrodynamic conditions, especially turbulence, make feeding difficult (i.e., on the seafloor in the back reef ).
Complex biotic interactions can result in nonlinear responses that are difficult to predict a priori. For example, there is a growing body of evidence that complex combinations of competitive and facilitative interactions frequently influence the distribution and abundance of terrestrial plants, which often gives rise to associational defenses (Levine 2000) . An unexpected finding of our study was a positive effect on survival of juvenile branching corals from a space competitor on the surfaces of bommies, a result that has the characteristics of an associational defense (Hay 1986 ). More than 20% of juvenile corals on bommies were influenced by interspecific competition with vermetid gastropods. Growth rates of coral recruits beneath the extensive mucous feeding nets of these sessile gastropods were reduced two-to threefold. By contrast, survivorship on bommies was substantially greater for corals under vermetid nets compared with vermetid-free corals, as the feeding net appears to reduce the incidence of partial predation by corallivores. Thus, physical structure of the environment indirectly mediated the strength of an important biotic interaction (corallivory) by providing habitat for a coral competitor that also is an indirect mutualist (see Holbrook and Schmitt 2004) . However, the potential for this associational defense to benefit juvenile corals is limited to the surface of bommies where vermetid gastropods colonized. Vermetids inhabited the mid-lagoon, but their distribution was restricted to a zone relatively close to the reef crest (see also Shima et al. 2010 ). As such, interactions with vermetids, which influence about 20% of corals, could constitute one biotic interaction that may be, in comparison, ecologically less relevant than corallivory. Although interactions with vermetids can protect juvenile corals, and the strength of the associational defense was greater for A. retusa than for P. verrucosa, the net negative effect of corallivory appears to be greater for A. retusa. The differences in juvenile performance that we report may explain why our data show a shift in relative abundance of Acropora and Pocillopora from near-equal abundances at small size classes to dominance of Pocillopora in large size classes (Fig. 1A, B) .
Based on these results, we suggest that corallivory should be more carefully considered in developing ecosystem-based approaches to management of coral reef ecosystems. As evidence mounts that commercial and subsistence fishing is increasing in intensity, thus reducing the abundance of large predatory fishes, the abundance of relatively lightly targeted corallivorous fishes (such as butterflyfish, puffers, and triggerfish) may increase. This in turn could result in increased rates of corallivory on juvenile corals (Dulvy et al. 2004) . If this is correct, then the effect of corallivores on coral populations will be influenced by location, habitat structure, and the level to which these factors modulate other abiotic constraints.
A major challenge to forecasting community dynamics is to understand the interplay among habitat structure, abiotic factors, and biotic interactions at a landscape scale. Our results reveal that a subset of abiotic and biotic constraints explained a substantial proportion of the variation in demographic performance of branching corals across a reefscape. The physical structure of the reefscape strongly influenced the dynamics of coral populations by modulating the strengths of these constraints, either directly (e.g., alteration of water flow) or indirectly (e.g., provision of habitat for mutualists), in a manner that varied predictably with the location of a habitat patch. These findings underscore the importance of landscape-scale variation in attributes that affect juveniles, the understanding of which is fundamental to our ability to predict the trajectory of community recovery from largescale disturbances.
